Context: Despite increased understanding of the pathogenesis and targets for thyroid cancer and other cancers, developing a new anticancer chemical agent remains an expensive and long process. An alternative approach is the exploitation of clinically used and/or bioactive compounds.
T he discovery of new chemical entities capable of modulating a disease remains to be a long and expensive process (1, 2) . An alternative approach that is just beginning to be explored is the exploitation of compound collections composed of already established drugs that have been approved for clinical use for one or more indications.
Although many of these compounds may have been optimized for specificity against a molecular target, drugs are known to show polypharmacology, which is oftentimes essential to the efficacy of the drug (3) . Drug polypharmacology can also be used to discover new molecular targets for drugs and, when clinically relevant assays are used, potential new drug indications. This drug repositioning, repurposing, or indication switching has several important advantages over other drug discovery approaches (4 -6) . Because the pharmacokinetic, pharmacodynamic, and toxicity profiles of approved drugs are well known, immediate translation into a clinical phase II/III trial to test efficacy can occur. In addition, identifying approved drugs with previously uncharacterized anticancer properties has the potential to reveal new mechanisms of drug action and/or biological processes involved in carcinogenesis. Also, drugs found to have an anticancer effect may be used for chemoprevention of common cancers in high-risk populations (7) (8) (9) (10) .
Thyroid cancer is the most common endocrine malignancy and has an increasing incidence and dramatically different mortality rates based on specific histological subtypes (11) . Approximately 10 -15% of patients present or develop distant and locoregional metastases, extrathyroidal invasion, and poorly differentiated tumors. These patients have a high risk of recurrent disease and mortality (ϳ30 -40%) (12) . The use of cytotoxic drugs and external radiation has been palliative, at best, in patients with advanced thyroid cancer. In fact, the only drug approved for thyroid cancer of follicular cell origin, by the U.S. Food and Drug Administration, is doxorubicin, which has poor efficacy (13) . Thus, new effective therapeutic alternatives are needed.
In this study, we used a high-throughput screening (HTS) approach of clinically approved drugs in thyroid cancer cells. To obtain pharmacological information from the screening data, we employed a titration-based screening paradigm, quantitative HTS (qHTS) where compounds are screened at multiple concentrations (14) . In this way, concentration-response curves were derived directly from the HTS, allowing both potency and efficacy values to be used to select compounds and create robust bioactivity profiles (15, 16) . By employing this approach and the available information associated with drug annotations, we found numerous agents across different therapeutic categories and mode of action that had an antiproliferative effect. Sixteen agents showed an efficacy of greater than 60% with a 50% inhibitory concentration (IC 50 ) in the nanomolar range. We further validated the anticancer effect of two agents (bortezomib and ouabain), identified by our qHTS, in additional thyroid cancer cell lines representing different histological subtypes of thyroid cancer and with different mutations (BRAF V600E, RET/PTC1, p53, and PTEN) common in thyroid cancer.
Materials and Methods

Thyroid cell culture
Human papillary thyroid cancer cell line TPC-1, follicular thyroid cancer cell line FTC-133, and Hü rthle cell carcinoma cell line XTC-1 were maintained in DMEM supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 g/ml), fungizone (250 ng/ml), TSH (10 IU/liter), and insulin (10 g/ml) in a 5% CO 2 atmosphere at 37 C. The undifferentiated human thyroid cancer cell line 8505C was maintained in Eagle's MEM supplemented with 10% FCS, 2 mM glutamine, and 1% nonessential amino acids. The TPC-1 cell line was provided by Dr. Nabuo Satoh (Japan), the FTC-133 cell line by Dr. Peter Goretzki (Germany), and the XTC-1 cell line by Dr. Orlo H. Clark (California). The 8505C cell line was obtained from European Collection of Cell Culture (St. Louis, MO), and the NFb, Mrc5, Messangial, Uch, ccl4b, and Lam cell lines were from American Type Culture Collection (Manassas, VA). The European Collection of Cell Culture and American Type Culture Collection characterize cell lines by short-tandem repeat profiling, cell morphology, and karyotyping. All experiments were performed using cells at 25 passages or fewer.
National Institutes of Health Chemical Genomic Center Pharmaceutical library screening
The National Institutes of Health Chemical Genomic Center Pharmaceutical Collection (NPC) consists of 2816 small-molecule compounds with 52% of the drugs approved for human or animal use by the U.S. Food and Drug Administration (17) . The remaining drugs are either approved for use in other countries, such as Europe, Canada, or Japan, or are compounds that have been tested in clinical trials. Additional detailed information on the drugs can be found at http://spotlite.nih.gov/npc/.
The NPC library was prepared as 15 interplate titrations, which were serially diluted 1:2.236 in dimethylsulfoxide (DMSO) (Thermo Fisher Scientific, Waltham, MA) in 384-well plates. The stock concentrations of the test compounds ranged from 10 mM to 0.13 M. Transfer of the diluted compounds from 384-well plates to 1536-well plates was performed using an Evolution P 3 system (PerkinElmer Life and Analytical Sciences, Waltham, MA). Each treatment plate included concurrent DMSO and positive control wells and concentration-response titrations of controls, all occupying columns 1-4. During screening, the compound plates were sealed and kept at room temperature, whereas other copies were maintained at Ϫ80 C for storage.
Quantitative high-throughput proliferation assay
Cell viability after compound treatment was measured using a luciferase-coupled ATP quantitation assay (CellTiter-Glo; Promega, Madison, WI) in TPC-1 cells. The change of intracellular ATP content indicates the number of metabolically competent cells after compound treatment. TPC-1 cells were harvested from T225 flask and resuspended in 2% FCS DMEM/F12 media at 120,000 cells/ml. Then 5 l of resuspended cells was dispensed into each well of white, solid-bottom, 1536-well tissue culturetreated plates using a Multidrop Combi dispenser. After overnight culture at 37 C with 5% CO 2 , a total of 23 nl of compounds at eight selected concentrations from the NPC or positive control (10 mM stock of doxorubicin hydrochloride) in DMSO was transferred to each well of the assay plate using a pintool (Kalypsys, San Diego, CA), and the plates were further incubated at 37 C with 5% CO 2 for 48 h. Then 4 l of CellTilter-Glo luminescent substrate mix (Promega) was added to each well. The plate was incubated at room temperature for 15 min. The plates were measured on a ViewLux plate reader (PerkinElmer) with clear filter. The final concentration of the compounds in the 5-l assay volume ranged from 0.5 nM to 46 M.
Validation cell proliferation assay
Cell proliferation assays were performed in quadruplicates. Cells were plated in 96-well black plates at a concentration of 2 ϫ 10 3 to 4ϫ 10 3 cells per well depending on the cell line in 100 l culture medium. After 24 h (d 0), 100 l fresh culture medium containing the indicated drugs or corresponding vehicles was added into each well. CyQuant (Invitrogen, Carlsbad, CA) proliferation assays were performed at d 0, 1, 2, 3, 4, and 6 according to the manufacturer's instructions. The cell densities were determined using a 96-well fluorescence microplate reader (Molecular Devices, Sunnyvale, CA) at 485 nm/538 nm. For each drug and cell line tested, the experiment was repeated at least three times.
Drug testing on tumor spheroids
FTC-133 and XTC-1 form tumor spheroids in suspension culture. To generate spheroids, FTC-133 and XTC-1 cells were plated in 24-well Ultra Low Cluster plates (Costar, Corning, NY) at a concentration of 4 ϫ 10 4 cells per well and incubated at 37 C in 5% CO 2 for 2 wk with media changed every 2-3 d. After 2 wk culture, tumor spheroids were photographed under the microscope and treated with the indicated concentrations of drugs or their corresponding vehicle. For each round of testing, quadruplicate wells were used for each testing concentration. The tumor spheroids were continuously treated for 2-3 wk and photographed under the microscope. For each compound and each cell line tested, the experiments were repeated at least three times.
Apoptosis assay
To determine whether drug treatment resulted in cell death by inducing apoptosis, we used the Caspase-Glo 3/7 assay (Promega) to measure caspase activity. Cells were plated in 96-well white plates at 2.2 ϫ 10 3 to 4 ϫ 10 3 cells per well depending on the cell line in 200 l culture medium. After 2 d (d 0), 100 l culture medium was removed from each well, and 100 l fresh culture medium containing the double concentration of the indicated drugs (40 nM bortezomib or 100 nM ouabain) or corresponding vehicles was added into each well. After another 48 h, caspase 3/7 activity was determined using the Caspase-Glo 3/7 assay kit (Promega) according to manufacturer's instruction. The relative luminescence unit (which is proportional to caspase 3/7 activity) was calculated based on the cell numbers.
Cell cycle analysis
Cells were plated in six-well plates at 6 ϫ 10 4 to 12 ϫ 10 4 cells per well depending on the cell line in 3 ml culture medium. Two days later (d 0), 1.5 ml culture medium was removed from each well, and 1.5 ml fresh culture medium (for control wells) or the fresh medium containing 100 nM ouabain (for treatment wells) was added into each well. Three days later, cells were harvested, washed, resuspended with PBS, and fixed with ice-cold 70% ethanol at 4 C. After washing with PBS, ribonuclease A was added to the cell suspension and incubated at 37 C for 20 min.
FIG. 1. qHTS of NPC drug library.
A, Enrichment analysis of active agents in each drug category. To determine whether the active compounds were predominantly identified from a certain therapeutic category, we performed an enrichment analysis of the drug library. The 2816 compounds in the NPC collection were classified into different therapeutic categories based on their pharmaceutical indications. The red dashed line indicates enrichment ratio of greater than 20% in the category of active drugs. B, The comparison of antiproliferative activity of each drug in normal and cancer cell lines and primary culture of chronic lymphocytic leukemia cells. NFB is a cervical cancer cell line; Mrc5 is a lung tissue cell line, fetus, normal; messangial is a kidney cell line, normal; Uch and ccl4b is a chordoma, tumor from bone in skull base or spine; Lam is a lung smooth muscle proliferation, benign tumor, human patient cell line; and CLL is a chronic lymphocytic leukemia. Each compound was converted into an integer that represents its activity outcome in each cell viability assay. Integer 1 represents compounds in the active category, which corresponds to red in the heatmap. Integer 2 represents compounds in the inconclusive category, which corresponds to light red in the heatmap. If a compound didn't show any activity in an assay, integer 3 was assigned to such category, indicated as white in the heatmap. Compounds not tested in a cell line assay were labeled as 4 and are represented as gray in the heatmap. Different activity outcomes were observed from each cell viability assay, and the compounds were categorized based on the similarity metric derived from the activity profiles.
Then, propidium iodide (PI) (50 g/ml in PBS) was added, and samples were stored at 4 C until analysis.
Flow cytometric analysis for cell cycle was performed on a FACScan using CellQuest software (BD Biosciences, San Jose, CA). Data files were generated for more than 10,000 events (cells) per sample gated on single cells. Doublets, cell clumps, and debris were excluded by PI fluorescence pulse width and pulse area measurements. Cell cycle analysis on the gated PI distribution was performed using Modfit software (Verity Software House, Inc., Topsham, ME).
Data analysis
To determine compound activity in the qHTS assay, the titration-response data for each sample was plotted and modeled by a four-parameter logistic fit yielding IC 50 (concentration of halfmaximal inhibition) and efficacy (maximal response) values. Raw plate reads for each titration point were first normalized relative to positive control (doxorubicin hydrochloride, 100% inhibition) and DMSO only wells (basal, 0%). Curve fits were then classified by the criteria previously described (14) . In brief, class 1.1 and 1.2 were the highest-confidence curves containing upper and lower asymptotes with efficacy of 80% or higher and lower than 80%, respectively. Class 2.1 and 2.2 were incomplete curves having only one asymptote with efficacy of 80% or higher and lower than 80%, respectively. Class 3 curves showed activity at only the highest concentration or were poorly fit. Class 4 curves were inactive, having a curve fit of insufficient efficacy or lacking a fit altogether.
There were a total of 22 plates in the primary qHTS screen, which included 16 plates corresponding to NPC library set and four DMSO plates. Compounds from the primary qHTS screen were classified into three categories according to the quality of curve fit and efficacy: active, including compounds in curve class 1.1, 1.2, 2.1, and 2.2 curves with efficacy higher than 60%; inactive, including compounds with class 4 curves; and inconclusive, including all other compounds including those shallow curves and curves with single point activity. Compounds were clustered hierarchically with Spotfire DecisionSite version 8.2 based on their activity outcomes from the primary screen across a wide variety of cell viability assays against different cell lines or primary culture cells from patients. Each compound was converted into an integer that represents its activity outcome in each cell viability assay. Integer 1 represents compounds in the active category that correspond to red in the heatmap (Fig. 1) . Integer 2 represents compounds in inconclusive category that corresponds to light red in the heatmap. If a compound didn't show any activity in an assay, integer 3 was assigned to such category, and it was indicated as white in the heatmap. Compounds not tested in a cell line assay were labeled as 4 and are represented as gray in the heatmap. Different activity outcomes were observed from each cell viability assay, and the compounds were categorized based on the similarity metric derived from the activity profiles.
To determine whether the active compounds were predominantly identified from a certain therapeutic category, an enrichment analysis was implemented against the drug library. The 2816 compounds in the NPC collection were classified into different therapeutic categories based on their pharmaceutical indications. The enrichment score was calculated from the following formula: E ϭ a/n, where a is the number of actives and n is the total number of drugs in each therapeutic category.
For validation of cell proliferation assays, t test was used for statistical analysis.
Results
HTS of clinical drug library
To identify small-molecule drugs that can act as inhibitors of thyroid cancer cell proliferation, we screened the NPC using qHTS. This strategy used concentrationresponse curve information to identify 244 active compounds in the TPC-1 thyroid cancer cell line. Of these, 40 compounds had high-confidence activity ( Table 1) . Sixteen of the 40 compounds with high-confidence activity had efficacy higher than 60% and a potency (IC 50 ) less than 1.7 M ( Table 2 ). The 40 compounds with high-confidence activity were distributed across various therapeutic categories and have different modes of drug action. Doxorubicin, a drug currently approved for advanced thyroid cancer therapy, was not among the 40 drugs identified to have high-confidence activity.
Enrichment analysis of active agents in each drug category indicated that only a small proportion (12%) of antineoplastic drugs showed activity in the thyroid cancer cells (Fig. 1A) . In contrast, a higher percentage (Ͼ25%) of drugs that belonged to antiobesity and cardiotonic groups had potent activity (P Ͻ 0.05). To test whether these drugs have specific anticancer activity, we compared the antiproliferative activity of the same drug library in several normal and cancer cell lines and primary culture of chronic lymphocytic leukemia cells from patients. As shown in Fig. 1B , many compounds with activity against TPC-1 cells showed no cytotoxicity when tested in normal cells (Mrc5, Messangial). In addition, when compared with other cancer types, a distinct activity pattern was observed for TPC-1 cells; specifically, many drugs that showed antiproliferative effect in other cancer cell types tested did not have activity in TPC-1 cells and vice versa (Fig. 1B) .
Validation of candidate anticancer drugs from qHTS
Those drugs from the qHTS that had an antiproliferative efficacy of more than 60% and IC 50 in the nanomolar 
concentration range, which were clinically achievable serum concentrations, were chosen for further exploration. We analyzed the available pharmacokinetic data for these candidate agents, including the currently available preparation and route of administration, the IC 50 , the maximal and sustained serum concentrations after systemic delivery, and the drug's half-life in humans (Table 2) . Based on this analysis, we selected two drugs, bortezomib and ouabain, for validation of the qHTS results.
To confirm bortezomib's antiproliferative effect in thyroid cancer cells from the qHTS, we validated this drug using four different cell lines representing all of the major histological and aggressive subtypes of thyroid cancer and with different somatic mutations (8505c for anaplastic cancer with BRAF V600E and p53 mutation, TPC-1 for papillary thyroid cancer with RET/PTC1 rearrangement, XTC-1 for Hü rthle cell carcinoma, and FTC-133 for follicular thyroid carcinoma with p53 and PTEN mutation) (18 -20) . As shown in Fig. 2 , treatment with bortezomib had a dramatic effect on cellular proliferation in all of the cell lines. Bortezomib, as low as 6.6 nM, resulted in 40 -50% growth inhibition. At 20 nM, bortezomib not only inhibited cancer cell growth but also caused cell death of more than 90%.
Monolayer cell cultures can provide cell-specific response to drugs but does not account for tissue-related functions. On the other hand, three-dimensional multicellular tumor spheroids (MCTS) are thought to be better models of the in vivo behavior of tumor cells, and therefore this assay can provide a better estimation for anticancer efficacy of drugs (21) . Therefore, we also tested the effect of bortezomib on thyroid cancer MCTS. FTC-133 and XTC-1 cell lines form MCTS, and these spheroids continuously grew when treated with vehicle control medium. Strikingly, bortezomib treatment not only inhibited growth of tumor spheroids but also resulted in the cell death of preexisting MCTS (Fig. 2) .
Another drug selected for validation of the qHTS results was ouabain. We also validated the effect of ouabain in the four different thyroid cancer cell lines. As shown in Fig. 3 , ouabain inhibited cell growth in all four cell lines. The BRAF mutant cell line, 8505c, showed less growthinhibitory effect to ouabain treatment. The effect of ouabain was further validated by using MCTS generated (Fig. 3) .
Because we saw bortezomib-and ouabain-induced cell death in both the monolayer and MCTS validation of the qHTS results, we determined whether this effect was mediated through apoptosis. We measured caspase activity in the thyroid cancer cell lines with and without bortezomib and ouabain treatment and found 4-to 8-fold and 2-fold increase in caspase activity, respectively, with treatment (Fig. 4, A and B) . We also tested the effect of bortezomib and ouabain on cell cycle progression. We found ouabain caused cell cycle arrest by increasing the number of cells in G2M (Fig. 4C ).
Discussion
In this study, we used a qHTS approach in a large collection of clinically used drugs for those that had antiproliferative activity in thyroid cancer cells. This screen provided potency and efficacy information that allowed identification of multiple agents across different therapeutic categories having various modes of action. Unexpectedly, the active agents were enriched for drugs in the antiobesity and cardiotonic therapeutic categories. Of the 16 agents that had efficacy higher than 60% and an IC 50 in the nanomolar range, we selected two agents to validate the qHTS results: bortezomib (a proteasome inhibitor) used to treat treatment-refractory multiple myeloma and ouabain (a Na ϩ /K ϩ ATPase inhibitor) previously used for cardiovascular disease (heart failure and myocardial infarction) (22, 23) . In multiple thyroid cancer cell lines, representing different histological subtypes of thyroid cancer and having different mutations (BRAF V600E, RET/ PTC1, p53, PTEN), both of these drugs significantly inhibited proliferation, reduced MCTS, and caused cell death by inducing apoptosis and/or cell cycle arrest.
To our knowledge, this is the first study to use such a large collection of clinical drugs to test antiproliferative effect in cancer cells. The identification of novel anticancer drugs using this approach has several important ramifications. First, the compounds found to have potent activity in our screen represent possible opportunities to repurpose these drugs for the treatment of patients with aggressive recurrent or metastatic thyroid cancer that is refractory to standard therapy. Moreover, implementing such a strategy allows for the selection of drugs with known and minimal toxicity but with high anticancer activity. Second, the drug therapeutic categories and drug mode of action of the active compounds represent a unique window on formulating a hypothesis as to whether these factors influence tumor cell biology both in the pathogenesis of cancer and its treatment and for chemoprevention of common cancers in high-risk populations as has been done for example with COX2 inhibitors (24 -28) .
It is interesting that a high proportion of drugs not known to have an antineoplastic effect (therapeutic category) had potent activity in our screening. The two most enriched categories were antiobesity and cardiotonic drugs. There have been some recent studies suggesting that drugs with antiobesity and cardiotonic (Na ϩ /K activity may have anticancer effects (29 -31) . Thus, these drug categories represent novel classes of drugs that warrant further study to test their anticancer effect in other types of malignancy. Moreover, the mode of action of the drug may suggest pathways altered in carcinogenesis. For example, because there is an association between obesity (higher body mass index) and a higher risk of thyroid cancer (32) , the identification of anticancer agents with well-established antiobesity activity provides an opportunity to explore whether the pathways affected by these drugs are involved in cancer initiation and/or progression. We used clinically relevant filter criteria to identify drugs that could readily be considered for clinical trials in patients with incurable thyroid cancer. We also selected two drugs to validate the results of the qHTS in four thyroid cancer cell lines with different histological subtypes, aggressiveness, and genetic alterations common in patients with aggressive thyroid cancer (33) . Both drugs, bortezomib and ouabain, were validated to have an antiproliferative effect. Moreover, in the MCTS model, which more closely recapitulates an in vivo solid tumor, we observed potent anticancer effect of both of these agents. In fact, there is a clinical trial currently open to test the efficacy of bortezomib in patients with advanced and metastatic thyroid cancer (34) . These findings suggest that our clinical drug library and high-throughput assay are likely to be a viable approach for screening drug activity in other cancer cells from different tumor types. Drug toxicity is one of the most common reasons for the failure of a drug candidate. Screening existing drugs for new activity may be helpful because the toxicity of these drugs is well characterized and the agents with the lowest toxicity profile can be selected. Furthermore, agents with clinical achievable concentrations can be determined after HTS and the selection of those agents with potent activity well below the clinical sustained and peak concentrations of a drug is also a very attractive approach to use for cancer therapeutics.
In summary, we have identified, using qHTS, multiple agents across different therapeutic categories and mode of action with potent anticancer activity. We validated the results of the qHTS using two agents (bortezomib and ouabain) in additional thyroid cancer cell lines representing different histological subtypes of thyroid cancer and with different mutations. We believe our results support the use of qHTS to obtain pharmacological information rapidly from specialized libraries such as the NPC library. Employing a panel of different cancer cell lines or primary tumor cultures with a common assay format can identify drugs with potent and selective activity that could be translated into clinical trials for patients with incurable malignancies or those with cancers refractory to standard therapy. We believe qHTS of clinically approved drugs has important clinical ramifications. These types of reproducible assays could be used for identifying therapeutics not only for cancer but also for many other diseases such as diabetes, obesity, and infectious disease. Clinicians can more readily translate these findings into therapy given the drug characteristics are well known be it in developing clinical trials or in some cases for off-label use.
